• Background and Aims In Central Europe Hypericum perforatum and Hypericum maculatum show significant hybridization and introgression as a consequence of Pleistocene range fluctuations, and their gene pools are merging on higher ploidy levels. This paper discusses whether polyploid hybrid gene pools are trapped in the ecological climatic niche space of their diploid ancestors, and tests the idea of geographical parthenogenesis.
INTRODUCTION
The flora of present-day Central Europe has been drastically influenced by past Pleistocene glaciation and deglaciation cycles. Severe environmental changes, the opening and closing of migration routes, the persistence and extinction of refuge areas, as well as varying dispersal abilities and availability of dispersal vectors have highly influenced species' distribution patterns. During glaciations plant lineages went extinct or survived in local refugia, while others migrated, underwent range shifts and may have recolonized during inter-glacial periods (Hewitt, 1999 (Hewitt, , 2000 . As a consequence of these spatialtemporal dynamics there has also been secondary contact of well-separated gene pools followed by hybridization and introgression, often accompanied by polyploidization (Schmickl and Koch, 2011) .
The last few decades have shown accumulating evidence on the importance of hybridization in speciation and diversification (Anderson and Stebbins, 1954; Lewontin and Birch, 1966; Moore, 1977) , and hybridization and polyploidization are recognized as driving forces in evolution (Harrison, 1990; Arnold, 1992; Grant and Grant, 1992; Dowling and De Marais, 1993; Arnold, 1997; Schwenk et al., 2008; Soltis and Soltis, 2009) , especially with respect to plants (Abbott, 1992) . Introgressive hybridization contributes to increased genetic variation and spread of novel adaptation (Heiser, 1973; Wang et al., 1997; Rieseberg et al., 2003; Gompert et al., 2006; Rogers and Bernatchez, 2007; Cavender-Bares and Pahlich, 2009; Song et al., 2011; Huerta-Sanchez et al., 2014) , as well as evolutionary diversification (Rieseberg, 1997; Grant and Grant, 2008) , and it is found more often between rather recently diverged lineages than between old lineages (Kocher, 2004; Mallet, 2005; Arnold and Meyer, 2006; Patterson et al., 2006; Seehausen, 2006; Grant and Grant, 2008) .
Hybridization and introgression by definition involve gene flow, and thus sympatry, partial overlap and/or suture zones between the individual distribution ranges of parental populations can lead to polytopic origins of hybrids (Schmickl et al., 2010) . Moreover, hybrids should escape from their parental gene pools to survive in evolutionary terms. Various mechanisms have been shown to play an important role in directing gene flow to form a new and separated gene pool (e.g. asymmetric gene flow, Morrissey and de Kerckhove, 2009 ; meiotic constraints, Bomblies et al., 2015;  reproductive isolation, Baack et al., 2015;  self-incompatibility system, Mable, 2008 ; cytonuclear incompatibilities, Muir et al., 2015) . As a result of these genetic differentiation processes, niche shifts of the hybrids compared to their parental species are very likely, thereby reducing competition and enabling the evolution of newly adapted phenotypes (Wiens and Graham, 2005) .
Asexual reproduction via seed, apomixis, is highly correlated with hybridization of sexual, often diploid, ancestors. The evolutionary success of apomictic hybrid species has often been explained by niche differentiation separating them rapidly from their sexual progenitors. The final genetically and ecologically differentiated distribution, termed 'geographical parthenogenesis' (Vandel, 1928; Bell, 1982) , has been observed in both plants and animals (Kearney, 2005; Hörandl, 2006) . However, the process leading to this pattern is a matter of debate. It has been argued that asexuality per se is not the key factor for success, and that geographical patterns would be attributable solely and directly to the hybrid nature of the clones (e.g. 'heterosis effect'; Kearney, 2005) . This has been questioned (for a review see Lundmark, 2006) in light of polyploidization and induction of apomixis following hybridization. Considering that diploid apomicts are extremely rare, and that polyploid lineages are descendants of diploids, polyploidization must play a major role in the evolutionary success of these apomictic hybrid populations and taxa (Mau et al., 2015) .
To investigate this evolutionary scenario of geographical parthenogenesis and niche divergence of apomictic and polyploid hybrid offspring, two well-defined species of the genus Hypericum are used, H. perforatum and H. maculatum (Robson, 2002) , with both species distributed throughout Europe, from lowlands to montane elevations. Among the two closely related species, three gene pools have been identified based upon nuclear markers [amplified fragment length polymorphism (AFLP) fingerprints] and the plastid genome (DNA sequence variants), leading to the informal 'veronense', 'perforatum' and 'maculatum' gene pool designations (Koch et al., 2013) . Accessions defined as belonging to the 'veronense' gene pool (Koch et al., 2013) are morphologically similar to H. perforatum subsp. veronense (as defined by Robson, 2002 Robson, , 2003 , but this subspecies has never been discussed on species rank.
The three gene pools are each characterized by ancestral sexual diploid populations, and at present all three largely occur in sympatry, although the distribution of diploids indicates different southern glacial refuge areas. On higher ploidy levels, facultative apomicts prevail (Koch et al., 2013; Puente Molins et al., 2014) , and substantial hybridization between gene pools and between ploidy levels is reflected in intermediate nuclear genotypes and/or plastid capture and varying ploidy levels (including aneuploids) (Koch et al., 2013) . Complex and reticulate gene flow has been also hypothesized because hybrids, which are generally referred to as Hypericum × desetangsii (Robson, 2002) , are often phenotypically indistinct and not intermediate between the two species, or in cases of intermediate morphotypes there is no correlation with the most likely genetic composition (mixture of the respective nuclear gene pools and maternal plastid haplotypes) (Koch et al., 2013) .
Based on representative geographical sampling throughout Europe, DNA sequence information from the nuclear encoded ribosomal DNA [internal transcribed spacer (ITS) region] is used to study the spatio-temporal dynamics of the three gene pools identified by Koch et al. (2013) . Ploidy levels and maternal gene pool (plastid types) were measured following Koch et al. (2013) . Divergence time estimates and genetic introgression patterns based on ITS sequence information confirmed that H. perforatum is represented by two distinct gene pools ('veronense' and 'perforatum', which may be best treated in the future as a genetically and morphologically well-defined subspecies), whereas H. maculatum populations comprised a third gene pool ('maculatum') . Hybridization between the gene pools 'veronense' and 'perforatum' and 'veronense' and 'maculatum' is very high, whereas hybridization between the 'maculatum' and 'perforatum' gene pools is relatively low despite sympatry.
We hypothesize that allopatric speciation within different glacial refugia formed the three gene pools present within the H. perforatum-H. maculatum complex (Koch et al., 2013) , with high levels of gene flow between the two H. perforatum gene pools potentially precluding further lineage divergence during post-glacial secondary contact (i.e. a melting pot of H. perforatum gene pools). This paper builds on this scenario and tests the hypothesis that polyploid hybrids between the three gene pools are not only trapped within an apomictic reproductive system with limited sexual contribution to the gene pools, but that they are also trapped within the ecological niches of their diploid progenitors.
MATERIAL AND METHODS

Plant material
A geographical and genetic representative sampling of 362 individuals from within the species complex of H. perforatum and H. maculatum (plus H. tetrapterum and H. undulatum, and more distinct H. attenuatum as outgroups) was analysed. Leaf samples were obtained from new collections and from plants collected in the wild, and when possible grown from seeds (deposited in the Heidelberg herbarium). Collection efforts were focused on 'natural habitats' (i.e. omitting agricultural fields, roads and ruderal areas) and one to five individuals per population were sampled. Additional samples were obtained from herbarium material (Munich, MSB and M; Heidelberg, HEID; Hungarian Natural History Museum, BP; and the Natural History Museum London, BM), and DNA sequences were also obtained from earlier studies (Nürk et al., 2013; Puente Molins et al., 2014) . The accession list and voucher details are given in Supplementary Data Table S1 . This table also indicates all accessions analysed earlier (Koch et al., 2013) for AFLPs, morphology, cytology, apomictic reproduction and plastid genotypes. Divergence time analyses included various outgroup taxa from a broader phylogenetic context, and included ITS sequence data from 15 additional Hypericum accessions and species (Nürk et al., 2015) .
DNA extraction, PCR amplification and sequencing
Total genomic DNA was obtained from silica-dried leaf tissue from single individuals using the NucleoSpin Plant II Kit (MachereyNagel, Düren, Germany) according to Koch et al. (2013) . Polymerase chain reactions (PCRs) for amplifying the entire ITS region (ITS 1, 5.8S and ITS 2 of nuclear ribosomal DNA) were done using the primer combination ITS18F (5'-GGAAGGAGAAGTCGTAACAAG-3') and ITS25R (5'-GGGTAATCCCGCCTGACCTGG-3'), both with extending M13 sequence information (5'-gcatgttttcccagtcacgac-ITS18F; 5'-acttcaggaaacagctatgac-ITS25R). Initial primer design followed Mummenhoff et al. (1997) . PCR was run on a PTC 200 Peltier Thermal Cycler (MJ Research) under the following conditions: 2 min initial denaturation at 95 °C, 30 cycles of amplification with 20 s at 95C, 45 s at 61 °C and 1 min at 72 °C, and 10 s of final elongation at 72 °C. Sequencing was done by GATC (Konstanz, Germany) using the universal M13 cycle-sequencing primer. PCR products were sub-cloned and five clones per individual were analysed to prove sequence ambiguities for selected cases (data not shown).
Assignment of ITS types, phylogenetic analysis and divergence time estimations
All sequences were edited and assembled with Seqman Version 2 (DNASTAR, Madison, WI, USA), aligned with ClustalW (Labarga et al., 2007) and manually adjusted using PhyDE version 0.9971 (Müller et al., 2005) . Because a directsequencing approach was followed, two types of ITS sequences were expected: (1) ITS types without any ambiguously coded nucleotide positions (only one ITS copy present in the individual) and (2) ITS types with varying numbers of ambiguously sequenced sites.
Ninety-two accessions were found with unambiguous ITS sequence types [ITS haplotypes ( Fig. 1) : 'veronense'-types: v01-v11, 'perforatum'-types: p01-p05, 'maculatum'-types: m01-m06. Also included was another H. maculatum ITS type (FJ793043, herein DA03; Meseguer et al., 2013) , which was not found in our sample set. Assignment of ITS types to the three taxa was consistent with plastid DNA and AFLP data (Koch et al., 2013) and also with phylogenetic reconstruction of ITS sequence variants (see below). The closely related taxa H. tetrapterum (t01, t02) and H. undulatum (u01), and the outgroup taxa H. attenuatum (a01-a03) also revealed unambiguous ITS types, and the final alignment comprising 28 ITS types with a total length of 666 bp was subjected to network analyses based on parsimony criteria running TCS v1.18 (Clement et al., 2000) . Gaps were coded separately as additional binary characters and were added to the final data matrix. In the network analysis acceptance limit was set to 95 % (Clement et al., 2000) .
Phylogenetic and divergence time estimates were made with an enlarged data set (the 28 ITS types plus one sample each of H. pibairense, H. erectum, H. kamtschaticum, H. gracillimum, H. nakaii, H. linarifolium, H. humifusum, H. coris, H. hirsutum, H. forrestii, H. calycinum, H. androsaemum, H. hircinum) . Taxon selection followed results of a previous genus-wide phylogenetic and phylogeographical study (Nürk et al., 2013 (Nürk et al., , 2015 . The final alignment included 43 sequences of 682 bp in length, with 43 variable parsimony-uninformative sites and 95 parsimony-informative sites. Maximum-likelihood (ML) analyses were performed with RAxML (Randomized Axelerated Maximum Likelihood) GUI v1.1 (Stamatakis, 2006; Silvestro and Michalak, 2012 ) with the GTRCAT model and with 10^000 bootstrap replicates.
Divergence times were estimated under a relaxed molecular clock employing the uncorrelated lognormal (UCLN) model (Drummond et al., 2006) in BEAST v1.7 (Drummond et al., 2012) . Implementation of the UCLN model in BEAST v1.7.2 together with the use of Markov chain Monte Carlo (MCMC) sampling methods estimates both topology and substitution rates and calculates absolute divergence times and confidence intervals when calibrated with external data (e.g. fossils, or secondary calibration points such as estimated ages revealed in other studies). The following calibration points were used, relying on a seed fossil, which was constrained by a hard minimum bound, and five age estimates reported in published analyses (Nürk et al., 2015) , which were constrained by normal distributions: (1) fossil Pliocene seeds (Arbuzova, 2005) , which show close affinity to the seeds of H. perforatum, were used to calibrate the crown node of 'H. linariifolium + H. perforatum' to a minimum age of 2.5 Mya; (2) the age of the root node estimated to 14.37 Mya (10.40-18.97 95 % highest posterior density, HPD) (Nürk et al., 2015) was constrained by a mean of 14.4, and a standard deviation (s.d.) of 2.5, and corresponds to the Old World Hypericum group (Nürk et al., 2013) ; (3) the age of the crown node of the most recent common ancestor (MRCA) of 'H. hircinum + H. androsaemum' estimated to 2.56 Mya (1.35-4.21 HPD; Nürk et al., 2015) was constrained by a mean of 2.56 and s.d. of 1; (4) the age of the crown node of the MRCA of 'H. forestii + H. perforatum' (Ascyreia and core Hypericum) estimated to 12.46 Mya (8.8-16.44 HPD; Nürk et al., 2015) was constrained by a mean of 12.46 and s.d. of 2.5; (5) the age of the crown node of the MRCA of 'H. forestii + H. calycinum' (Ascyreia group) estimated to 6.28 Mya (4.31-8.72 HPD; Nürk et al., 2015) was constrained by a mean of 6.4 and s.d. of 1.5; and (6) the age of the crown node of the MRCA of 'H. hirsutum + H. perforatum' estimated to 7.39 Mya (5.26-10.04 HPD; Nürk et al., 2015) was constrained by a mean of 7.4 and s.d. of 1.4.
Analyses were performed in BEAST in two independent runs to enable detection of non-convergence, each consisting of 100 million generations, and sampling a tree every 10^000 generations. Each run started from the tree obtained by ML search, after performing a semi-parametric method based on penalized likelihood (Sanderson, 2002) in R (R Core Team, 2015) with the 'chronopl' command as implemented in the package ape (Paradis et al., 2004) . The GTR model of nucleotide substitution was applied with the Γ model of site heterogeneity. The birth and death model of speciation considering incomplete sampling (Stadler, 2009 ) was set as tree prior. Effective sample sizes (>200) and convergence of parameters between runs were checked in Tracer 1.5 and the maximum clade credibility chronogram was calculated considering 20 % of samples as burnin.
Phasing of ITS sequences with polymorphic nucleotide positions and calculating parental genetic contribution
Polymorphic (ambiguous) nucleotide positions in single ITS sequences are found only at those positions that show single nucleotide polymorphisms (SNPs) among all the remaining ITS sequences showing no ambiguous sites. This means that any ambiguous sites can be explained by a combination of different ITS types, which are also indicative of substantial non-concerted evolution (Koch et al., 2003) ('veronense'-types: v01-v11 , 'perforatum'-types: p01-p05, 'maculatum'-types: m01-m06). This allowed us to predict the most likely parental ITS types combination explaining the ambiguous sequence pattern.
To approximate the two differing parental genotypes (or genotype groups) that explain at best a 'hybrid sequence' hybridparental (hp), values for all genotype combinations compared with the hybrid sequence were calculated (Supplementary Data a putative parental sequence, including those that can explain contributions to particular ambiguous sites, and S = the total number of compared nucleotides in the sequence. In ideal cases two different genotypes would receive an hp value of 100 % each, which means that the sequence of the individual of interest is a hybrid out of those two genotypes (designated P1 and P2). These two potentially parental genotypes were then selected to calculate respective P H values of the hybrid sequence of the individual of interest (H). The P H values provide a quantitative score to which amount H is a hybrid out of genotypes P1 and P2. The P H values are calculated for both putative parents using the formula (Supplementary Data Table  S3 ), which contains two terms: (1) the actual value of ambiguity with w = the sum of the number of ambiguous sites in H that are explained by contribution of the parental sequence type, and a = the number of non-ambiguous sites in H at a position of an SNP, which can be explained by backcrossing to the respective parental type; and (2) the reference value n = the total number of polymorphic sites between P1 and P2, and q = the number of ambiguous sites in H, where a parental type was not found in our study or an unidentifiable nucleotide (N) was found.
In various cases more than two potential parental genotypes reached high hp values. In cases where two potential parental genotypes were nearly identical, we arbitrarily eliminated one of them. In most cases assignment to genotype groups ('veronense', 'perforatum' or 'maculatum') were explicit, and hence these were included in further calculations. Individuals with a parental sequence not found in H. perforatum or H. maculatum (but in H. tetrapterum and H. undulatum, respectively) were grouped in MISC. Finally, a total of 60 individuals could not be unambiguously assigned to two specific genotypes or genotype groups, and were also grouped in MISC. An overview of the MISC category was generated in a geographical map (Qgis 2.2-Valmiera, QGIS Development Team, 2014), where each individual (H) is represented as a circle with four quarters (Supplementary Data File S1), each filled with respective colour codes for high hp values of a certain genotype group or for a species other than H. maculatum and H. perforatum. Because direct ITS sequencing was used, our approach is a conservative approximation of the potential parental genetic distribution.
Statistical analysis
To obtain a statistical indication on the temporal scale of the observed gene flow between genotypes, assessment was made of the correlation of genetic and geographical distances between putative hybrids and their potential parental genotypes, assuming that more recent gene flow results in a positive correlation over small distance classes only. Comparisons were made between individuals carrying a hybrid sequence and one of its putative parental genotypes (as identified by the P H calculation; see above). Pairwise genetic Euclidian distances between respective ITS sequences were calculated in GenAIEx (Peakall and Smouse, 2012) , and pairwise geographical distances were calculated with distMeeus in the geosphere package (Hijmans, 2014) in R (R Core Team, 2015) . A pairwise correlation test using Kendall's tau was performed with cor.test (R Core Team, 2015) . The geographical distances were grouped in classes of 50 km, which on average resulted in 700 pairs per class.
To assess deviations from the null expectation (1) of maternally inherited plastid type groups ('red, 'green', 'blue'; Koch et al., 2013) in nuclear gene pools ('veronense', 'perforatum' and 'maculatum') and respective combinations, and (2) of the ploidy levels in the three gene pools and their hybrids, an exact test of goodness of fit was calculated using xmulti in the XNomial package in R (Engels, 2014) . The respective expected distribution (the probability of occurrence of a plastid type or a ploidy level in a gene pool) was adjusted to the observed number in the respective gene pools. A Bonferroni correction as used to conservatively adjust P values (reducing the probability of targeted type 1 error; Sham and Purcell, 2014) .
Analysis of ecological-climatic niches
To approximate the realized ecological niches of the three gene pools, 19 bioclimatic variables with exact geographical coordinates were extracted from the WorldClim global climate layers (Hijmans et al., 2005) at a resolution of 30″ using the R package raster (Hijmans and van Etten, 2014) Table S4 ). The first 11 variables (Bio1-Bio11) reflect temperature-related parameters, while variables Bio12-Bio19 reflect precipitation. To reduce dimensionality of the multivariate climatic data, a principal component analysis (PCA) was run assigning the single individuals into their gene pools and using the function dudi. pca in the R package ade4 (Dray and Dufour, 2007) . To test the divergence of niches, a Wilcoxon Rank Sum test was performed on the first two PC scores (components) comparing the niches between gene pools. The probability of targeted type 1 error with a P value threshold of α = 0.05 was conservatively adjusted using the Bonferroni correction (see above).
RESULTS
ITS recognizes three gene pools in the H. perforatum-H. maculatum species complex
Of 362 individuals of H. perforatum and H. maculatum analysed herein, 92 were characterized by single ITS genotypes, representing 22 unique genotypes ( Fig. 1 ; GenBank submission code KY654956-KY654983). Parsimony network analysis (alignment provided with Supplementary Data Table S5 ) with all unique ITS types recognized three groups, here called the 'veronense', 'perforatum' and 'maculatum' gene pools. In H. perforatum 22 polymorphic SNPs were identified which separated the species into 16 genotypes and two gene pools ('veronense' genotypes v01-v11 and 'perforatum' genotypes p01-p05). In H. maculatum nine polymorphic SNPs were identified, separating the species into six genotypes ('maculatum' m01-m06). Eighty-nine individuals had ITS sequences with polymorphic SNPs related to genotypes from the same gene pool (i.e. represent 'hybrids' between parents of a common gene poll), and 52 of those individuals were grouped into 'veronense', 13 into 'perforatum' and 24 into 'maculatum'. Because of the close relatedness, samples from H. undulatum and H. tetrapterum were included in the network and are, in accordance with the findings of Koch et al. (2013) and Nürk et al. (2013) , closely related to H. maculatum. BEAST and ML trees (alignment provided with Supplementary Data Table S6 ) revealed the same topology.
Node support (Bayesian posterior values/bootstrap support) was generally high, with exceptions at internal nodes in the 'veronense', 'perforatum' and 'maculatum' clades (Fig. 1) .
Early Pleistocene origin of the H. maculatum-H. perforatum clade
Divergence time estimations in BEAST resulted in a time tree (Fig. 1 ) whose topology and expected time estimates for the various deeper nodes is consistent with previous phylogenetic hypotheses (Meseguer et al., 2013; Nürk et al., 2013 Nürk et al., , 2015 . Importantly, this analysis provides estimates for the divergence of 'maculatum' from 'veronense' + 'perforatum' to the Early Pleistocene with an estimated age of 2.04 Mya (0.83-2.28 HPD). The split between the 'veronense' and 'perforatum' was estimated to have occurred at 1.57 Mya (0.6-1.8 HPD).
Asymmetric maternal gene flow between gene pools
The results were compared with ITS sequence and AFLP data with respect to identifying three plastid haplotype groups (Koch et al., 2013) , thus enabling the consideration of maternal gene flow as indicated by plastid DNA type distribution. For simplicity, plastid haplotype gene pools were also grouped into green ('veronense'), red ('perforatum') and blue ('maculatum') (Koch et al., 2013) .
Chloroplast DNA (cpDNA) sequence information was available for 191 individuals (Fig. 4, Supplementary Data Table S1 ). Twenty-six individuals from within the ITS 'veronense' gene pool (62 %) shared a green H. perforatum plastid type, and 15 individuals (36 %) from within the 'veronense' gene pool could be assigned to the red H. perforatum plastid type group (Table 1) . Only one individual (2 %) carried a chloroplast from the blue gene pool (i.e. H. maculatum plastid type). No individuals of the ITS 'perforatum' gene pool showed any other than a red H. perforatum plastid type. Only one individual of the ITS 'maculatum' group showed other than a blue chloroplast type, namely a red H. perforatum plastid type. An exact test of goodness of fit showed that the green plastid type group matches the 'veronense' gene pool, the red plastid type group matches the 'perforatum' gene pool and the blue plastid type group matches the 'maculatum' gene pool (Table 1 ). The plastid type groups do not significantly deviate from the expected distribution in 'perforatum', and the hybrids 'veronense' × 'perforatum' and 'veronense' × 'maculatum' (Table 1) . Hence, with statistical significance in particular the 'veronense' gene pool rarely served as an effective maternal parental genetic background in hybrid genotypes.
Different cytotypes in all three gene pools indicate asymmetric hybridization
It has previously been shown that apomictic hybrids are often found with higher ploidy levels (Koch et al., 2013) , and for 207 individuals here ploidy information was available (Supplementary  Data Table S1 ). Ploidy levels in the 'perforatum' gene pool, as well as in the hybrids between 'perforatum' and 'maculatum', did not deviate significantly from an equal distribution (Table 2 ).
Three individuals from the 'perforatum' gene pool (20 %) were diploids and 12 individuals (80 %) were polyploids. Ten individuals from the 'veronense' gene pool (22 %) were diploids and 28 individuals (63 %) were polyploids. The remaining individuals were aneuploids. More tetraploids than expected were found in the 'veronense' gene pool, and in its respective hybrids 'veronense' × 'perforatum' and 'veronense' × 'maculatum' (Table 2) . Thirty individuals from the 'maculatum' gene pool (77 %) were diploids and only seven individuals (18 %) were polyploids (Table 2) . Only three triploids were detected, two of which were grouped in the 'veronense' gene pool while one could not be assigned to a genotype and was grouped into MISC.
ITS heterogeneity suggests massive and uneven hybridization between gene pools
From the complete data set of 362 individuals, 50 % (181 individuals) showed signs of hybridization between the three gene pools of 'veronense', 'perforatum' and 'maculatum' (Supplementary Data Table S3 ). Of these, 37 % were suggested by hybridization between the 'veronense' and 'perforatum' gene pools, 22 % were a mixture between 'veronense' and 'maculatum', and only 7 % were a mixture between 'perforatum' and 'maculatum' (Fig. 2) . The other hybridogenous ITS types probably resulted from within-gene-pool admixture (heterozygotes between alleles found in the same gene pool). The two genotypes that were most often involved in hybridizations were v01: 33 % of Exact test of goodness of fit; significance level: *P < 0.05, **P < 0.01, ***P < 0.001 calculated with a Bonferroni correction.
all hybrids probably showed a contribution of genotype v01 (based on assessment of the probability that an individual is a hybrid of two specific genotypes, P H ), while genotype m05 contributed to 24 % of all hybrids. Furthermore, not only are central (presumably ancestral) genotypes contributing to hybrid sequences, but also genotypes participating in hybridization between the gene pools were equally distributed throughout the network (Fig. 2, Table 3 ).
In the 'perforatum' gene pool, 21 % of the hybridogenous individuals represent within-gene-pool combinations, whereas 79 % (81 individuals in total) show signatures from 'veronense' (68 individuals) or 'maculatum' (13 individuals). In contrast, 43 % of the hybridogenous individuals in the 'veronense' gene pool represent within-gene-pool combinations, while 57 % (108 individuals in total) show signatures from 'perforatum' (68 individuals) or 'maculatum' (40 individuals). In the 'maculatum' gene pool, 59 % of the hybridogenous individuals represent within-gene-pool combinations, and 41 % (53 individuals in total) show signatures from 'veronense' (40 individuals) or 'perforatum' (13 individuals) (Table 3 ). In total, 24 % of all hybrid individuals could not be explained by two genotypes arising from these three gene pools due to missing genotypes or equivocal P H values (Supplementary Data File S1). In summary, these data show that the 'veronense' gene pool contributes mostly to the identified hybrid individuals.
Significant positive correlation of genetic and geographical distance over small distance classes but weak biogeographical pattern
Genetic distances in classes of geographical distances <200 km are significantly positively correlated (Fig. 3) , although this correlation breaks down rapidly with increasing distance classes, indicating contemporary and ongoing gene flow. The 'perforatum' and 'maculatum' gene pools share a common distribution in Central Europe, whereas the 'veronense' gene pool is relatively more represented in South Europe and on the Balkan Peninsula (Fig. 4) . In other words, no obvious geographical (macro-) patterning is evident in the distribution of gene pools, except the southern tendency of 'veronense'.
The most common genotypes are m05 (29 % of all sequences without ambiguities) and m01 (16 % of all clear sequences) in the 'maculatum' gene pool, and v01 (14 % of all clear sequences) and v09 (9 % of all clear sequences) in the 'veronense' gene pool. The most common combinations of genotypes in the hybrids between all three gene pools were v01 ('veronense') and m05 ('maculatum') with 23 individuals (13 %); and v01 and p03 ('veronense' and 'perforatum') with 13 individuals (7 %). The hybrids between the three gene pools are equally distributed all over Europe (see Fig 4B) , and no hybrid zones are evident.
All three gene pools and their hybrids show overlapping niches
The results from the PCA of climatic niche differentiation are summarized in Table 4 and Fig. 5 for the first two components explaining 70 % of the total variation in the dataset. The PCA of 19 bioclimatic variables shows that 'veronense' and 'perforatum' have different niches from 'maculatum', but are not differentiated between one other (Fig. 5, Table 4) . Moreover, the confidence intervals (ellipses) given in Fig. 5B illustrate overlap between the climatic niches of all three gene pools. Among the inter-gene pool hybrids, it is only the hybrids between 'veronense' and 'maculatum' that have significantly different niches compared to both their putative parents. The other hybrids do not show significant differences but rather intermediate niches compared to their parental gene pools (Table 4) . In any combination, the 'perforatum' gene pool shows a smaller circumference (i.e. realized climatic niche space) in the first two principal components compared to the other gene pools. Interestingly, among the three hybrid gene pool combinations it is only 'veronense' × 'perforatum' that shows enlargement compared to the climatic niche space of their putative progenitors.
DISCUSSION
Long-term evolutionary persistence
Hypericum perforatum and H. maculatum started to diverge from each other in the Early Pleistocene (2 Mya), followed by a split in H. perforatum at 1.6 Mya (Fig. 1, Table 3 ). Even considering a broad 95 % confidence interval, this split pre-dates at least the last four glaciation and deglaciation cycles of Central Europe, and provides a sufficient time scale for multiple survival opportunities in (likely) southern refuge areas. There is no evidence for any polyploidization event (auto-or allo-) per se leading to this species-pair, as previously hypothesized (e.g. Brutovská et al., 2000; Robson, 2002) . Instead, we have observed significant differentiation of the diploid gene pools using all molecular marker systems studied so far (AFLPs: Koch et al., 2013; cpDNA: Koch et al. 2013; and herein; microsatellites: Puente Molins et al., 2014 ; nuclear ribosomal ITS DNA sequence variation: herein). This applies also for a further genetic subdivision of H. perforatum into the 'veronense' and 'perforatum' gene pools. As this separation also shows some taxonomic congruence, this could be solved on a subspecies level (H. perforatum subsp. perforatum and H. perforatum subsp. veronense) in the future. However, given no obvious biogeographical pattern (Figs 3 and 4) and no significant climatic niche differences between 'veronense' and 'perforatum' (Fig. 5) , it is unclear where (e.g. glacial refugia) or how (e.g. genetic incompatibility) genetic differentiation occurred (Koch et al., 2013) .
In the network analysis hybrid ITS types are found as a result of various combinations of haplotypes forming tips in Fig. 3 . Geographical versus genetic structure only over short distances. Correlation of genetic and geographical distances; grey squares represent the correlation coefficient tau for each distance class. Significance level is indicated with ***P < 0.001, **P < 0.01 and *P < 0.05.
the network and haplotypes forming inner parts of the network (Fig. 2) . The frequency of mixture of ITS types is significantly positively correlated with (1) frequency of occurrence in the whole dataset and (2) age (more central position in the network; Wilcoxon Rank Sum test, P < 0.01). Although this analysis does not consider geography and not all ITS types are in present-day close proximity, we hypothesize that a major proportion of gene flow can be attributed to the various last glaciation and deglaciation cycles (Fig. 1) . Repeated defalcation and thus re-colonization of Central Europe might also explain why the expected biogeographical patterning of genetic variation is missing (Fig. 4) . Vice versa, evidence for contemporary gene flow is reflected by the significant correlation of genetic and geographical distances over short distance classes only (Fig. 3) . No significant niche differentiation was observed in the bioclimatic space of the hybrids compared to their diploid ancestors, but this does not necessarily mean that there are no niche shifts per se or acquisition of a new adaptational potential (herbivory resistance, growth parameters, soil preferences, etc.), because Koch et al. (2013) . All remaining accessions that could not be assigned unambiguously or to a significant hybrid combination are shown in Supplementary Data File S1. ('veronense', 'perforatum' and 'maculatum') A Wilcoxon rank sum test was performed to test for differences with significance levels as follows: *P < 0.05, **P< 0.005, ***P < 0.0005 (shown with a Bonferroni correction).
this study focused on a limited number of parameters defining more precisely Central European geography -described by climate parameters. Similarly, the present data provide only limited evidence for Central European range expansion of apomictic polyploids, but this might also be explained by the multiple Pleistocene extinction and colonization events, which have prevented the detection of significant patterns based on our sampling scale.
Asymmetric gene flow as a prerequisite to maintain integrity of gene pools?
Results presented herein show patterns of asymmetric gene flow as a consequence of the evolutionary past. The diploid gene pools are well defined for their nuclear and corresponding plastid gene pools, and no asymmetry among nuclear and plastid gene pools has been observed in diploids (Fig. 4) . Furthermore, diploid hybrids between the three nuclear gene pools 'veronense', 'perforatum' and 'maculatum' seem to be very rare. By contrast, on the polyploid level asymmetries are severe. Limited maternal contribution of the 'veronense' gene pool to the hybrids has been observed (Table 1) , which is in contrast to the overall finding that 'veronense' contributed to both polyploid hybrid combinations ('veronense' × 'maculatum' and 'veronense' × 'perforatum', Fig. 4) . However, the 'perforatum' plastid type (reflecting maternal contribution of this gene pool) is highly introgressed into other gene pools and respective hybrids. Together these data imply that the 'veronense' gene pool served most effectively as a parental source of meiotically unreduced gametes in hybridizations leading to ploidy level increase, although the experimental set-up prevents us from differentiating between introgression and homoplasy. However, given that the 'veronense' gene pool rarely serves as maternal parental genetic background, and that the inferred signal of hybridization is likely to be rather recent (see above), we hypothesize that its contribution is mostly ongoing paternal gene flow. Based on these findings, it might be concluded that on average the 'perforatum' gene pool serves as the more successful maternal component, whereas the 'veronense' gene pool very successfully entered the other gene pools via parental gene flow. In H. maculatum the asymmetry effect is even more pronounced. In nearly all hybrid combinations with H. maculatum the plastid type of H. perforatum has been retained, indicating the H. perforatum maternal genetic background. This is consistent with the finding that parthenogenesis is not well documented for H. maculatum and is rather restricted to its hybrids with H. perforatum (= H. × desetangsii) (Lihová et al., 2000; Mártonfi and Mártonfiová, 2010) or polyploid infraspecific taxa of uncertain status (e.g. tetraploid H. maculatum subsp. obtiusculum; Mártonfi and Mártonfiová, 2010) . This might be seen as an indication that parthenogenetic capacity is genetically largely linked to egg cell formation (seed formation) and hence to the maternal parent.
It has been shown that the diploids reproduce sexually, but polyploids in general, irrespective of their origin from within or between gene pools, switch to facultative apomictic seed production (Koch et al., 2013; Puente Molins et al., 2014) . Furthermore, within polyploids, hexaploids are more often apomictic than tetraploids (Puente Molins et al., 2014) . Such apomictic hybrid polyploids are effectively genetically separated from all ancestral diploid gene pools through their inability to produce haploid gametes (Puente Molins et al., 2014) . Hence, the transition from sexual to parthenogenetic reproduction is largely correlated with the switch from diploidy to polyploidy (Koch et al., 2013) . The underlying genetic causes of the switch to apomixes are not yet fully understood, but in Hypericum there is good evidence for the existence of 'apomictic factors', such as the 20 cM apospory locus (HAPPY) in H. perforatum (Schallau et al., 2010) . As a preliminary conclusion, we hypothesize that maternal 'apomictic factors' might have originally evolved in the 'perforatum' gene pool (representing H. perforatum subsp. perforatum) after its (phylo) genetic separation from H. perforatum subsp. veronenese approx. 1.5 Mya (Fig. 1) . Because of subsequent secondary gene flow this 'apomictic factor' was able to diffuse into the other gene pools.
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